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About  60  polyurethane  -  sodium  chloride  composites  were  prepared.  The  con¬ 
tent  for  materials  filled  with  single  fractions  ragged  from  0  to  55  per  cent*^' 
by  volume;  the  size  of  these  fractions  from  1 to-  jOOifcrfMate  rials  with  a 
content  of  50  to  70  per  centy'by  volume  were  made  by  using  a  uLxture  of  a 
coarse  and  a  fine  fraction. 

For  these  materials,  primary  tensile  creep  and  rupture  properties,  both  at 
various  constantly  high  stress  levels,  were  determined  at  room  t.mperature . 
Further  recovery  after  primary  creep  was  investigated.  The  filled  rubbers 
showed  a  typical  tensile  creep  behaviour,  related  to  the  growth  of  vacuoles 
in  the  material  (de-wetting).  Definite  relationships  were  found  between, 
respectively: 

uniformity  of  creep  over  the  gauge  length  and  content  of  filler; 
location  of  considerable  creep  on  time  scale  and  particle  size  as  well  as 
stress  level; 

shape  of  the  creep  curve  and  content  of  filler; 

recovery  behaviour  and  final  strain  during  primary  creep  as  well  as 
particle  size; 

rupture  stress  and  particle  size,  filler  content  and  rupture  time; 
rupture  elongation  and  content  of  filler. 

Generally,  the  processes  of  de-wetting,  recovery  and  rupture  were  considerably 
decayed  by  a  decrease  in  particle  size  (reinforcement).  The  effect  of  de¬ 
wetting  on  creep,  much  depended  on  the  content  of  filler.  ^ 
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1.  XHrRCPJCTION 

In  tiie  design  of  solid  rocket  motors,  great  importance  is  attributed  to  the 

mechanical  behaviour  of  solid  p rope a lent  grains.  This  is  due  to  the  fact 

* 

that  the  presence  or  occurrence  of  cracks  in  the  propellent  during  the  Igni¬ 
tion  stage  may  lead  to  irregularities  in  the  burning  process  and  to  Uni- 
function  of  the  rocket  motor.  Stress  cracking  In  the  propellant  any  occur 
during  the  storage  p?riod,  as  a  result  of  shrinkage  or  of  thermal  stresses, 
or  during  the  combustion  period,  due  to  the  action  of  the  combustion  press¬ 
ure  or  that  of  the  acceleration  forces. 

For  'he  proper  understanding  of  the  behaviour  of  solid  propellant  grains 
ur~x*r  those  circumstances,  detailed  knowledge  of  the  mechanical  properties 
of  highly  filled  elastomers  is  essential.  The  work  described  here,  was 
started  to  investigate  the  influence  of  filler  characteristics,  such  as 
size,  shape,  content  and  surface  treatment,  on  the  mechanical  behaviour  of 
tiw  .filled  elastomers. 

To  avoid  complications  in  the  preparation  and  handling  of  samples,  this  in¬ 
vestigation  was  performed  on  inert  filled  materials.  The  composite  propel¬ 
lant  we  have  in  mind,  consists  of  polyurethane  rubber  filled  with  ammonium 
perchlorate.  The  model  materials  investigated  consisted  of  the  seas  tjrp e  of 
rubber,  which,  however,  was  filled  with  sodium  chloride.  Of  course,  it  is 
realized  that  significant  differences  could  exist  between  live  and  Inert 
filled  materials  with  respect  to  mechanical  properties,  especially  to  those 
influenced  by  rubber-filler  interaction.  It  is,  therefore,  planned  to  ratify 
general  trends  and  conclusions  found  for  these  polyurethane  > sodium  chloride 
composites,  by  investigating  ether  model  materials  mod  reel  propellents  at  a  • 
later  stage. 

During  this  investigation,  model  substances  were  prepared  on  s  kg-eoala. 

Only  one  type  of  polyurethane  rubber  was  used  throughout.  It  was  filled  with 
various  amounts  of  several  fractions  of  sodium  chloride.  The  slat  of  these 
fractions  was  varied  between  1  pm  and  460  pm.  The  amounts  could  be  varied 
between  0  and  55  per  cent,  by  volume,  A  filler  eon  tent  up  to  70  par  oent.  by 
volume  could  be  obtained  by  using  a  bimodal  filler,  treated  with  a  aurfac- 
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"As  a  first  step,  the  thermo-mechanical  properties  of  these  model  substances 
were  investigated  in  dependence  on  temperature  and  frequency  in  the  small 
deformation  region  of  linear  response.  A  comprehensive  discussion  of  the 
influence  of  particle  size  and  content  of  filler  on  shear  moduli  at  1  Hz., 
thermal  expansion  and  bulk  moduli,  was  given  in  preceding  Technical 
Reports^ and  in  publications^ ^ .  Work  is  still  in  progress  on  shear 
and  bulk  moduli  at  high  and  very  low  frequencies  (wave  propagation  and  tor¬ 
sional  creep),  and  will  be  reported  later. 

The  small  deformation  elastic  moduli  and  Poisson's  ratio  could  be  described 
by  a  simple  macroscopic  theory  (Frbhlich-Sack-Van  der  Poel).  According  to 
this  theory,  the  mechanical  properties  of  the  composite  material  are  deter¬ 
mined  only  by  those  of  the  pure  filler  and  binder,  and  the  filler  content. 
Filler  size  slightly  affected  the  results  at  very  small  particle  size 
(<  }0  fim)  only.  Another  important  result  is  the  invariance  of  the  a -relaxa¬ 
tion  (glass-rubber  transition)  for  content  and  size  of  filler. 

A  further  step  was  the  investigation  of  the  mechanical  properties  of  these 

model  materials  in  the  non-linear  response  range,  including  its  upper 

boundary  (ultimate  properties),  and  of  the  applicability  of  knowledge  of 

the  small  deformation  behaviour  to  this  technically  important  region. 

An  experimental  study  was  performed  concerning  the  influence  of  particle 

size,  content  of  filler  and  stress  level  on  tensile  creep  and  rupture 

properties  at  large  deformations.  Part  of  this  work  was  described  previous- 
7) 

ly  ,  the  completed  programme  will  be  discussed  in  this  report.  All  creep 
measurements  were  carried  out  at  room  temperature.  An  extension  of  this 
work  to  other  temperatures,  as  well  as  to  the  measurement  of  stress-strain 
-diagrams  at  various  temperatures  and  strain  rates  all  on  the  same  materials, 
is  still  in  progress. 
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2.  MATERIALS 

2.1.  Preparation  of  polyurethane  rubbers 

All  samples  at  filled  and  unfilled  polyurethane  rubbers  prepared  for  tensile 
creep  measurements,  wvre  based  on  a  linear  (polypropylene  ether  )glycol 

f  > 

(Desmophen  3600  ')  with  a  molecular  weight  of  about  2,000.  The  ncleeules  of 

this  polyether  were  lengthened  with  toluene  dlisccyanate  and  cross  linked  by 

means  of  trlmethylcl  propane  in  thr  presence  of  a  catalyst.  Full  details 

concerning  the  chemistry  of  tlie  preparation  of  these  rubbers  were  given  in 

112' 

previous  Technical  He  ports  7  ' ;  they  are  net  repeated  here .  Neither  do  we 

repeat  a  description  of  a  systematic  aethod  for  the  preparation  of  highly 

filled  rubbers;  this  method  was  described  in  rietail  in  the  most  recent 
7) 

Technical  Report  . 

2.2.  Survey  of  the  materials  prepared;  routine  control  measumaents 

The  aim  of  the  tensile  creep  programme  was  to  determine  the  Influence  at 
filler  characteristics  cm  the  tensile  creep  properties  of  sodium  chloride  - 
polyurethane  composites  by  systematic  variation  of  content,  particle  size 
and  particle  size  distribution  of  the  filler.  The  Influence  of  surfactants 
should  furthermore  be  analyzed. 

A  survey  of  the  materials  prepared  for  this  tensile  creep  programme  is  given 
in  Fig.  1  (general)  and  Table  1  (detailed).  Polyurethane  rubbers  were  filled 
with  0,  10,  20,  50,  40,  50  and  55  per  cent,  by  volume  of  single  sodium 
chloride  fractions.  Ths  particle  sizes  of  these  fractions  were:  210-300  pm 
(fraction  no.  2),  90-105  fin»  (no.  4),  39-40  jim  (no.  6),  8-20  pjt  (no.  7)  and. 
<8jxm  (no-  8).  Further,  six  materials  were  filled  with  Li  modal  filler  sub¬ 
stance  no.  9.  This  filler  was  a  mixture,  in  a  weight  ratio  of  Cj/55  ot  coarse 
fraction  no.  2  (210-300  jxm)  and  fine  fraction  no.  6  (39-40  pm).  The  filler 
concentration  of  these  blmodal  filled  materials  ranged  from  50  to  70  per 
cent,  by  volume. 

Fig.  1  shows  that  many  materials  were  made  In  duplicate  or  triplicate*  This 
was  dene  to  investigate  the  batch-to -batch  variability,  or,  in  scam  cases, 
tc  replace  partly  inhomogeneous  botches.  Further,  for  most  of  the  composi¬ 
tions .  one  at  the  materials  was  prepared  with,  and  another  without,  use  of 
the  surfactant  Asolectin  . 

."4V=^’ 

*)  Farben  Fabrlken  Bayer,  Leverkusen,  Germany. 

**)  Asolectin  (Associated  Concentrates  Inc.,  New  York),  Filler  substance 

treated  with  a  solution  of  Asolectin  in  ctiT^bof orw-me thanol  2:1,  followed 
by  drying  in  vacuo  at  40  °C. 


KOTawisasM^K”  ™«*  -r 
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*  ^ 

Details  of  each  batch  are  given  in  Table  1  .  This  table  contains,  for  each 

batch,  the  chemical  composition  of  the  prepolymer;  the  content  of  filler, 
as  calculated  from  the  weights  of  the  ingredients  used,  and  as  calculated 
from  the  density;  the  size  and  the  fraction  number  of  the  filler;  the  con¬ 
centration  of  surfactant,  calculated  as  weight  per  cent,  with  respect  to 
filler;  the  equilibrium  swelling  ratio  (#  vol.  increase)  in  two  different 

solvents  (chloroform  and  trichloroethylene);  the  density,  d.  Details  of 

2) 

•these  routine  control  measurements  were  given  earlier  . 

From  fable  1  it  is  seen  that  the  chemical  composition  of  the  rubbery  binder 
was  approximately  the  same  for  all  samples  prepared  (columns  2,  3,  4).  This 
uniformity  of  the  binder  reflected  itself  in  the  swelling  data  (columns  10, 
11).  Prom  columns  5  and  6  we  see  that  the  differences  between  the  volume 
concentration  as  calculated  from  the  weights  of  the  ingredients  used  and  as 
calculated  from  the  density  are  smaller  than  0.4  vol.#  (except  for  samples 
3600/l23i,  131,  133,  134,  223,  242  A  and  202  A).  Differences  in  this  order 
were  found  to  be  of  no  importance  in  the  interpretation  of  the  tensile  creep 
measurements. 
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3.  EXPERIMENTAL  TECHNIQUE  FOR  THE  DETERMINATION  OF  TENSILE  CREEP 

The  principled'  the  measurement  was  as  follows:  A  hanging  specimen  m  the 

form  of  a  bar-bell,  was  subjected  to  a  tensile  stress  by  loading  it  with  a 

constant  weight.  The  square  cross-section  in  the  prismatic  part  of  the 

2 

specimen  was  about  8.0  x  8.0  mm  ,  and  its  length  roughly  230  mm.  Time- 
dependent  tensile  strain  was  measured  by  registration  of  the  position  of 
well-defined  marks  on  the  specimen,  with  regard  to  a  precision  millimeter- 
scale,  parallel  to  it  at  a  distance  less  than  0.5  mm. 

The  registration  was  performed  automatically  with  a  photographic  camera  sys¬ 
tem.  In  most  cases,  photographs  were  made  at  2,  4,  8,  16  .  2^,  etc,  sec¬ 

onds  after  the  beginning  of  the  creep  experiment.  This  series  of  observation 
times  is  equidistant  on  a  logarithmic  time  scale.  By  using  three  marks  on 
the  specimen,  at  a  mutual  distance  of  75  mm,  the  strain  could  be  measured 
over  different  pieces  of  its  prismatic  part.  In  this  way,  uniformity  of 
tensile  creep  over  the  gauge  length  was  checked.  Finally,  rupture  time  was 
measured  by  switching  off  a  time  counter  by  the  falling  weight. 

All  measurements  have  been  performed  in  a  temperature  and  humidity  condi¬ 
tioned  room  (21  +_  °C,  rel.  hum.  65  +_  1  #).  For  these  creep  experiments, 

the  errors  were  less  than: 

0.2  %  strain  (absolute  strain  error); 

0.1  %  _+  1  second  in  the  elapsed  time; 

0.02  hrs  in  the  rupture  time,  if  it  exceeded  O.i  hrs; 

+_  2  sec.  in  the  rupture  time,  if  it  was  smaller  than  0,1  hrs; 

0,5  #  in  the  weight  (stress). 

Full  details  concerning  the  technique  of  grinding  and  further  preparation 

of  specimens,  automatic  recording  of  strain  and  rupture  time  and  the  proce- 

7) 

dure  of  the  measurements  were  given  previously  . 
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4.  THE  RELATIONSHIP  BETWEEN  TSMSIIB  CREEP,  FILLER  CKAmCTERISTIOS  AND  STREET 
LEVEL 

4.1.  Tensile  creeg  data  of  filled  and  unfilled ^rubbers 

Two  types  of  routine  measurements  have  been  performed:  primary  creep  and 
tensile  strain  recovery.  Here  we  only  present  data  of  primary  creep  exper¬ 
iments;  those  of  the  recovery  measurements  will  be  given  and  discussed  in 
Chapter  5. 

*1 

The 'complete  set  of  195  experimental  creep  curves  is  given  in  Appendix  I  * **) . 

**) 

Each  figure  gives  creep  curves  under  various  high  stress  levels  '  for  one 
or  two  materials  with  the  same  filler  characteristics;  however,  in  some 
cases  differing  in  the  amount  of  surfactant  used.  As  symbols  for  fracture 
and  unloading,  respectively  cresses  and  arrows  were  used.  Subscript  g  of  a 
cross  indicates  that  fracture  was  likely  to  be  premature,  due  to  holes 
visible  in  the  fracture  surface. 

In  view  of  the  mastercurve  representation  discussed  in  section  4.5,  it  is 
not  necessary  to  have  all  the  figures  of  Appendix  I  at  one’s* disposal.  Only 
three  typical  results,  given  in  Figs  2,  3  and  4,  are  presented  in  this 
report;  these  three  figures  are  sufficiently  illustrative. 

Figs  2  and  3  show  tensile  strain  e  vs  time  t  under  various  high  stress 

levels  for  polyurethane  rubbers  3600/108  and  3600/134,  respectively.  Material 

3600/108  is  an  unfilled  rubber,  3600/134  contains  50  per  cent,  by  volume  of 

sodium  chloride  fraction  no.  2  (210  -  JOO  pm).  Finally,  Fig.  4  shows  tensile 

creep  curves  for  polyurethane  rubbers  filled  with  various  amounts  of  coarse 

sodium  chloride  fraction  no.  2  (210  -  300  pm),  under  the  same  stress  level 
2 

of  3*00  kg/cm  .  The  meaning  of  symbols  in  Figs  2,  3  and  4  is  the  same  as 
discussed  above. 

4.2.  Uniformity  of  tensile  creep  over  the  gaugj  length;  reproducibility  of  the 
measurements  within  one  batdi 

It  is  an  important  question  whether  the  creep  phenomena  observed  were  uni¬ 
form  over  the  gauge  length  of  the  specimen,  or  not.  If  so,  the  strain  should 
approximately  be  the  same  at  all  places  of  the  specimen.  If  not,  the  material 
would  be  highly  strained  until  rupture  in  one  or  more  small  regions,  and 


*)  Appendix  I  will  be  distributed  on  request, 

**)  In  this  report  tensile  stress  O  is  always  calculated  with  regard  to  the 
original  cross-section  of  the  specimen.  Further,  creep  curves  are  always 
plotted  on  s  logarithmic  time  scale. 
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relatively  less  deformed  at  other  places  of  the  specimen.  Clearly,  this 
^non-uniformity  would  highly  complicate  the;  interpretation  of  tensile  creep 
data.  V:  ?■’ 

Non-uniformity  of  tensile  creep  is  illustrated  in  Fig.  5.  Tensile  creep 
curves  are  given  for  polyurethane  rubbers  filled  with  various  amounts  of 
sodium  chloride  fraction  no.  6  (33  -  40j_tm).  Symbols  like  dots,  triangles 
and  rectangles,  denote  strain  values  as  found  over  the  entire  gauge  length. 
Vertical  bars  indicate  the  differences  between  strain  measured  over  the 
upper  and  that  over  the  lower  half  of  the  gauge  length. 

Fig.  5  demonstrates  that  non -uniformity  chiefly  occurred  in  the  steeply 
rising  parts  of  the  creep  curves.  It  increased  with  an  increase  of  the  con¬ 
tent  of  filler.  This  behaviour  was  observed  for  all  polyurethane  rubbers 
investigated,  not  only  for  those  repre sente, in  Fig*  5. 

By  analyzing  all  creep  data  available,  we  found  that  the  non-uniformity  was 
loss  than  1  to  2  %  strain  for  materials  with  a  content  of  filler  smaller  than 
40  per  cent,  by  volume.  For  materials  filled  with  40  and  50  vol.£,  strain 
values  lost  their  significance  during  the  steep  ascent  of  the  creep  curve. 
However,  considerable  creep  was  present  and  its  location  on  the  time -scale 
was  very  v/ell  defined,  due  to  the  high  value  of  the  slope  (see  Fig.  5). 

ror  materials  filled  with  55  to  70  vol.  creep  phenomena  became  essentially 
non-uniform.  The  specimen  showed  creep  only  in  small  regions.  The  overall 
strain  of  the  specimen  became  smaller  and  smaller,  the  higher  the  content  of 
filler  was.  This  is  demonstrated  by  Fig.  6.  It  concerns  polyurethane  rubbers 
filled  with  bimodal  sodium  chloride  filler  substance  no.  9,  a  mixture  of 
coarse  fraction  no.  2  (210  -  300|um)  and  fine  fraction  no.  6  (33  -  40{j,m). 

Fig.  6  gives  tensile  creep  curves  for  materials  with  a  volume  concentration 
of  50,  60,  65  and  70  vol,  %,  all  under  the  same  stress  level  of  4.0  kg/cm^. 
Creep  phenomena  completely  disappeared  at  a  filler  content  of  70  per  cent, 
by  volume.  As  a  consequence,  we  shall  discuss  the  behaviour  of  this  last 
group  of  materials  separately  (see  section  6.4). 

Strictly  speaking,  the  non-uniformity  should  be  compared  with  the  reproduc¬ 
ibility  of  the  measurements  for  specimens  originating  from  the  same  batch. 

This,  because  upper  and  lower  half  of  the  specimen,  compared  for  non-uniform- 
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Ity,  came  from  different  parts  of  the  batch,  just  as  do  two  different 
'  '  speciaans.  Typical  results  for  duplicate  measurements  were  discuosed  pre¬ 
viously^^  (see  also  Appendix  I,  Tigs  10,  18,  19,  36  and  38).  It  was  found 
'  that  thh  variablli cy  of  the  results  within  one  batch  was  of  the  same  older 
as  the  differences  in  creep  between  upper  and  lower  half  of  the  gauge  length. 

It  is  still  an  unanswered  question  whether  non-uniformity  of  creep  either 
originates  from  the  high  value  of  the  content  of  filler  alorte,  or  also 
depends  ci>  the  properties  of  the  rubbery  binder.  A  detailed  discussion  of 
this  technically  important  question  has  been  given  previously  by  Bills  and 
Wiegajid^ .  To  obtain  some  information,  wa  compared  the  behaviour  of  our 
water! nls  with  that  of  "Model  Substance  B"  .This  is  a  polyurethane  -  potassium 
chlozd.de  -  aTum^nuiB  composite  with  a  content  of  filler  of  61  per  cent,  by 
volume  (52  vol.  %  HC1,  9  vol.  %  Al).  Creep  curves  for  this  material  are  given 
in  Pig.  7.  Essentially  non-uniform  creep  was  observed.  Just  as  for  our 
materials  with  approximately  the  same  content  of  filler.  However,  this  ques¬ 
tion  of  non-uniformity  of  tensile  creep  is  far  from  being  clarified.  It  will 
seed  further  attention.  Especially  such  conditions  as  type  of  rubbery  binder, 
ambient  temperature  and  humidity  should  be  varied  systematically  to  obtain 
adequate  information. 

4.3.  The  mechanism  responsible  for  tensile  creep;  general  structure  of  a  primary 
tensile  creep  curve 

In  the  most  recent  Technical  Report/  ^  it  was  .shown  that  the  tensile  creep 
phenomena  observed  were  related  to  vacuole  formation  in  the  material.  These 
vacuoles  are  caused  by  stress  concentrations  in  the  vicinity  of  the  filler 
particles.  It  is  not  sure  whether  these  vacuoles  were  formed  at  the  rubber- 
filler  interface  (de-wetting),  or  in  the  rubbery  component  itself  (internal 
cracking},  or  at  both  places  simultaneously.  However,  we  continue  'ntify- 
ing  vacuole  formation  with  the  somewhat  obscure  word  "de-wetting-1 . 

De-wetting  is  a  destructive  non-re versible  phenomenon.  Once  de -wetted,  the 
mechanical  properties  of  the  material  are  permanently  changed.  This  fact  is 
demonstrated  by  the  results  of  a  simple  experiment,  summarized  in  Pig.  8. 

It  concerns  a  test  on  one  and  the  saros  specimen  of  polyurethane;  rubber 
3600/215  A,  filled  with  50  vol.  %  of  sodium  chloride  fraction  no.  4  (90  - 
105  Jim).  Pig.  8  is  divided  intc  two  subfigu"?3,  the  left  one.  Pig.  8  A  gives 

*)  Aerojet  General,  obtained  through  Prof .  Fr&  ^denthai  (Columbia  University, 
New  York ). 
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creep  and  recovery  curves  in  -terms  of  strain  c,  and  tho  right  one  .  Pig.  8  B, 
gives  creep  curves  in  terras  of  tensile  compliance  e/o. 


The  test  consisted  of  various  experiments  carried  out  in  succession.  Pirrt, 

2 

the  virginal  specimen  was  subjected  to  the  lew  stress  level  of  3.00  kg/om 
(curve  1).  No  ccnsiderable  creep  occurred  and  the  recovery  was  instantaneous 
and  complete  (curve  1  A).  During  this  exoeriment,  the  material  properties 
did  not  change  creep  and  recovery  curves  reproduced  when  the  experiment 
was  repeated  (data  not  shown).  We  call  this  virginal  state  of  the  material 
the  "non-dswetted"  state.  All  small  deformation  measurements  reported  ear¬ 
lier,  had  bisen  performed  when  the  material  was  in  this  nen-de wetted  state. 

After  this  first  part  of  the  test,  the  material  was  subjected  to  a  higher 

2  * 
stress  level  of  3-75  kg/cm  ,  Strain  £  and  compliance  s/O  considerably  in¬ 
creased  with  time  (curve  2).  After  unloading,  recovery  was  net  instantaneous 

(curve  2  A).  Finally,  the  specimen  was  reloaded  to  the  original  low  stress 
2 

level  of  3*00  kg/cm  (curve  3).  Compared  with  the  original  curve  ut  3*00 
2 

kg/cm  ,  the  compliance  was  increased  over  a  factor  of  10.  It  was  in  tha  order 
of  the  value  at  the  end  of  the  second.  ciraep  experiment  (curve  2). 

This  behaviour  was  not  or-l,v  representative  for  special  uoaterial  3600/215  A, 
but  was  found  to  be  characteristic  for  all  the  filled  polyurethane  rubbers 
investigated.  Furthermore  tne  Ou-ati  on  of  the  experiment,  short  In  Pig.  8, 
did  not  influence  the  picture. 

with  this  de -wetting  mechanism  in  mind ,  v»  constructed  a  general  tensile  . 
creep  curve  as  given  in  Fig.  ?,  At  short  times,  the  material  is  in  the  u*- 
dewetted  state.  The  low  (constant.)  strain  levvl  is  controlled  by  the  stress - 
strain  relationships  corresponding  to  tMs  state,  its  mechanical  properties 
are  discussed  in  section  -! .  4 .  After  soma  time,  de -wetting  becomes  noticeable 
as  an  increase  of  strain  with  time.  Trie  effect  of  the  de-wetting  process  on 
strain,  and.  its  location  on  the  time  scale,  will  depend  cm  stress  level.  Size 
and  content  of  filler  (sections  4,5  and  4.6), 

The  de -wetting  disorganises  the  mater  ial,  it  is  possible  that  the  rubbery 
cinder  cannct  endure  this,  so  that  the  specimen  breaks  somewhere  in  the 
steeply  increasing  part  of  the  creep  curve  before  de -wet ting  is  complete* 

This  behaviour  was  actually  found  for  all  the  materials  investigated*  Clearly, 
the  rupture  properties  are,  in  this  case,  largely  connected  with  the  de- 
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wetting  properties  (s«=e  6,2.  end  5.3* }•  However,  when  the  rubbery  binder  ; 
strong  enough  to  endure  the  disorg*'  Tizaticux  due  to  de-*wettin«,  a  constant 
eiid  le^el  for  tire  strain  should  be  found  (dotted  line  in  Fig.  9).  As  ‘stated 
above,  a  completely  de -wetted  state  before  rupture  has  never  been  founa  for 
our  materials. 


-S».  ^ateoafcal  grope rtteoln  tbenon-^owetted  state 

*) 


The  small  defcruiatiorr  as  well  .as  the  short  time  J  tensile  ct xep  measux  aments 
'’cn, erred  the  n on — deve "feted  state,  it  is  an  interesting  question  wl^echer  for 
this  non -dn wetted  state ,  stress -strain  relationships  and  tneir  dependence  on 
-*116 r  charac  te  ristics  for  large  deformations  can  bo  predicted  from  the  corre¬ 
sponding  knowledge  about  small  deformation  moduli.  To  check  this-  the  relative 

i,  \ 

Yeung  s  m-dulus  1  E^  of  the  non -de  wet  ted  material  was  calculated  in  two  ways: 


Pirat,  from  small  deformation  shear  modulus  G  end.  bulk  modulus  K,  both  at 
o 


21  0}  and,  secondly  from  the  approximately  constant  level  of  tensile  creep 

curves  at  short  times. 


Results  are  given  in  Pig.  10,  where  the  relative  modulus  E  is  plotted  vs 

r 


the  particle  size  cu  the  filler,  with  the  content  of  filler  as  n  parameter. 


Horizontal  bars  give  values  for  E  from  tensile  measurements.  The  length  of 


the  bara.  corresponds  to  the  size  width  of  the  filler  fraction.  Small  def orma - 
tior-  eoduli  are  given  by  symbols  like  triangles  etc.-  placed  at  the  logarith¬ 
mic  size  mean  of  the  corresponding  finer  fractions, 

?rtm  Fug.  10  it  is  clear  that  both  moduli  fairly  well  agree  with  each  other. 
Consequently,  the  constant  strain  (level)  at  the  beginning  of  tensile  creep 


curves  can  be  predicted  from  small  deformation  moduli.  We  refer  to  previous 
’}2)5)*)6) 


work  >>'>>>  for  a  detailed  discussion  of  the  influence  of  filler  character¬ 
istics  on  these  moduli. 


«)  Of  coarse,  the  time  that  the  material  stayi  in  the  non-de wetted  state 
depends  on  the  stress  level. 


+)  The  relative  modulus  of  a  filled  material  is  the  ratio  of  the  modulus  of 
the  allied  to  that  of  the  unfilled  materia,  'This  relative  measure  of  the 
influence  of  the  filler  was  introduced  to  avoid  complications  duo  to  dif¬ 
ferences  in  experirjental  conditions  between  shear,  bulk  and  tensile  measure¬ 
ments  (rel.  humioicy). 


>**»*»  MUiUM  u  jj 
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5 .  The  _ii,f luenca  _of  _ the  _s tressle ve 1 _on  the  deveioj>a.ent  of  tensile  creepy 
a  time -stress  shifting  procedure _for_data  reduction 

Tensile  creep  curves  of  filled  polyurethane  rubbers  largely  depended  on  the 

stress  level;  this  Is  illustrated  by  the  set  of  creep  curves  under  various 

high  stresses  for  state rial  3600/134,  given  in  Pig.  >.  We  observe  an  enormous 

influence  of  the  stress  level  on  the  location  of  the  creep  process  in  tine 

2 

scale.  A  change  in  stress  from  2.0  to  3*5  kg/em  induced  an  acceleration  by 
a 

a  factor  of  10  .  However,  ve  got  the  impression  that  the  shape  of  the  creep 
curves  only  slightly  depended  on  the  stress  level.  Further  nore,  this  depen¬ 
dence  almost  vanished  when  creep  curves  were  replotted  as  "/ensile  compliance 
F  vs  the  logarithm  of  time. 

ffliis  fact,  i.e.  the  shifting  by  variation  of  stress  without  considerable 

change  in  shape,  forms  the  basis  of  a  time-stre  shift  procedure  used  for 

data  reduction.  It  was  presented  previously,  and  could  be  explained  by  a 

7) 

qualitative  theoretical  discussion  .  The  procedure  is  analogous  to  the 
well-known  time- temperature  reduction  method"^  used  for  mechanical  and  di¬ 
elec  ori  cal  relaxation  data  of  amorphous  polymers  in  the  glass  to  rubber 
transition. 

Fig.  11  demonstrates  the  method.  It  concerns  polyurethane  rubber  3600/133, 
filled  with  40  vol,  %  of  coarse  sedium  chloride  fraction  no.  2  (210  -  300 Jim) 
Tensile  compliance  F  is  plotted  vs  log  t.  Full  lines  are  the  experimental 
curves,  measured  at  various  stress  levels .We  choose  the  stress  o  of  3,00 
kg/cm  and  the  corresponding  creep  compliance  curve  as  references.  'Curves 
at  other  stress  levels  are  then  shifted  to  best  overlap  with  the  reference 
curve.  Those  shifted  curves  arc  given  in  Fig.  11  as  thin  dotted  lilies.  The 
shift  factors  used,  in  decades  of  time,  are  noted  above  the  arrows  connect¬ 
ing  original  and  shifted  llne3.  A  subfigure  in  Fig.  11  (top  left)  gives  the 
shift  log  a  (o,0Q)  as  a  function  of  the  stress  o. 

The  usefulness  of  this  procedure  is  measured  by  the  maximum  width  of  the 
strip  in  the  comp]  iance -time  plane  in  which  all  best  overlapping  curves  are 
situated.  In  Fig.  11,  this  maxi  cum  width  is  Indicated  by  capital  S.  For 
material  3600/133,  this  scatter  S  was  large.  Much,  better  results  were  ob¬ 
tained  for  other  materials.  We  only  chose  material  3600/133  to  Illustrate 
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clearly  in  which  manner  S  has  been  defined. 

This  method  was  applied  to  reduce  all  tensile  creep  data  of  Appendix  I.  The 
"true  stress"  formula 


F 


o  ( l  +  e ) 


(l) 


was  used  for  the  calculation  of  the  compliance.  Results  are  given  in  Figs  12- 
18.  Figs  12-16  present  the  mastercurves .  Each  figure  concerns  materials  fill¬ 
ed  with  the  same  amount  of  various  sodium  chloride  fractions.  The  sequence  of 
the  figures  is  that  of  increasing  content  of  filler.  Materials  with  different 
batch  numbers  are  distinguished  from  each  other.  The  reference  stress  Oq  in 
all  figures  is  6.00  kg/cm^.  Numerical  data  for  scatter  S  are  given  in  Appen¬ 
dix  II,  Table  11,6  for  each  mastercurve. 

Shift-stress  relationships  are  given  in  Figs  17  and  18,  numerical  data  in 
Appendix  II.  Fig.  17  is  divided  into  5  subfigures,  each  concerning  materials 
filled  with  various  amounts  of  the  same  fraction.  Values  for  log  a(o,0Q)  as 
found  for  materials  with  different  values  of  the  content  of  filler  are  dis¬ 
tinguished  by  different  characters.  From  Figs  17,A  to  17 ,E  we  observe  no 
systematic  influence  of  the  content  of  filler  on  the  shift-stress  functions. 
The  absence  of  a  large  influence  of  filler  size  is  illustrated  in  Fig.  18. 

All  data  of  Fig.  17  were  replotted  in  this  single  figure.  Values  for 
log  a(o,0Q)  as  found  for  materials  filled  with  different  fractions  are  dis¬ 
tinguished.  The  scatter  in  Fig.  18  is  somewhat  greater  than  that  in  each 
subfigure  of  Fig.  17 .  The  maximum  deviations  from  the  mean  curve  are  about 
one  time  decade.  However,  compared  with  the  total  variation  in  log  a (o,oq) 

•  rom  -7  to  +4,  this  scatter  is  small. 

Finally,  we  observed  that  the  scatter  S  in  the  mastercurves,  due  to  the  time- 
stress  reduction  was  smaller  than  the  batch-to -batch  variability.  This  justi¬ 
fies  the  data  reduction  method.  As  a  consequence,  we  shall  further  discuss 
the  influence  of  filler  characteristics  on  the  development  of  tensile  creep 
by  using  these  mastercurves  only. 
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4.6.  The  Influence  of  size  and^content  of ^filler  on_the  develogcent  of  tensile 
creep 

The  mastercurves  of  Pigs  12-17  were  replotted  in  Pigs  19-25*  Now  each  fig¬ 
ure  concerns  materials  filled  with  various  amounts  of  the  same  sodium  chlo¬ 
ride  fraction.  The  sequence  of  the  figures  is  that  of  Increasing  filler 
size.  The  reference  stress  level  again  is  6.00  kg/cm  .  Mastercurves  for 
materials  of  the  same  composition  but  different  batch  numbers  are  not  dis¬ 
tinguished.  Each  curve  gives  the  mean  course  of  the  creep  curve  for  the 
corresponding  filler  characteristics. 

We  observe  the  influence  of  filler  size  from  the  first  set  of  figures  (Pigs 
12-16)  and  that  of  the  content  of  filler  from  the  second  set  (Pigs  19-25). 

We  make  the  following  remarks : 

(a)  Creep  phenomena  became  more  and  more  pronounced,  the  higher  the  content 
of  filler  was;  see  for  example  Figs  4  and  21.  This  effect  is  connected 
with  two  others.  First,  the  compliance  ?u  in  the  non-dewetted  state 
largely  decreased  with  increasing  content  of  filler  (see  section  4.4). 
Second,  the  mean  compliance  at  break  P™  equalled  the  value  for  the  un¬ 
filled  rubber  within  a  factor  of  2  for  all  materials  investigated  (see 
section  6.4).  Both  facts  are  given  in  Pig.  24  for  materials  filled  with 
0  to  50  vol.  %  of  coarse  sodium  chloride  fraction  nc.  2  (210  -  500 jib). 
The  compliance  range  covered  during  de -wetting  equals  the  difference 
between  Fbr  and  Fy  (see  Fig.  24).  We  clearly  see  from  Pig.  24  that  it 
considerably  increased  with  an  increase  of  the  content  of  filler.  For 
materials  filled  with  other  sodium  chloride  fractions,  analogous  results 
were  obtained. 

(b)  The  slope  of  the  creep  curves  largely  increased  with  increasing  filler 
concentration;  this  can  be  seen  clearly  from  Pig.  4.  At  a  low  content 
of  fill  r,  the  creep  curve  was  approximately  a  straight  line  vs  log  t 
(see  12).  At  a  high  content  of  filler,  the  creep  curve  consisted  of 
a  constant  strain  (compliance)  level  at  short  times  and  a  very  steep  up¬ 
ward  part  Just  before  break  (see  Pig.  16).  This  effect  implies  that  the 
logarithmic  time  interval  in  which  most  of  the  de-wetting  occurred  be¬ 
came  narrower,  the  higher  the  content  of  filler  was.  (Compare,  for  in- 
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stance.  Fig.  11  with  Fig.  16.)  It  is  therefore  possible  to  define  a 
characteristic  de-netting  time  x  for  materials  with  a  high  content  of 

-  filler.  We  define  x  as  the  time  at  which  F  reached  the  value  of  0.025 
2 

kg/ca  ,  approximately  halfway  between  non -de wetted  state  and  break. 

We  see  from  Figs  15  and  16  that  the  time  interval  in  which  most  of  the 
de-netting  occurred  lies  around  x  and  has  a  width  smaller  than  0.5  to  1 
time  decade.  This  was  true  for  rubber's  filled  with  40  and  50  vol.  %  of 
sodium  chloride; x  lost  its  significance  for  materials  filled  with  less 
than  30  vol.  %. 

(c)  The  location  of  considerable  creep  on  time  scale  largely  shifted  to 

shorter  times  with  an  increase  of  filler  size  (see  Figs  12-16);  the  in¬ 
fluence  of  filler  content  was  much  smaller  (see  Figs  19-23).  A  further 
illustration  of  both  facts  Is  given  in  Fig.  25.  For  rubbers  filled  with 
30,  $0  and  5G  vol.  of  sodium  chloride,  characteristic  de-wetting  time 
X  is  plotted  vs  particle  size  in  a  double  logarithmic  diagram.  Again  we 
observe  that  x  did  not  depend  much  on  the  content  of  filler;  however, 
the  influence  of  filler  size  was  very  large.  From  fine  fraction  no.  8 
(<  8  jim)  to  coarse  fraction  no.  2  (210  -  300  jim),x  changed  8  to  9  de¬ 
cades  in  time.  This  delaying  effect  of  the  smallest  particles  implies 
reinforcement.  This  is  demonstrated  in  Fig.  26.  Stress  o,  necessary  to 
produce  a  x-value  of  0.1  hrs  is  plotted  vs  the  particle  size  of  the 
filler  for  materials  filled  with  40  vol.  %  of  sodium  chloride.  Going 
from  coarse  to  fine  fraction,  we  observe  a  reinfoiMemeat  by  a  factor  of 
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5.  TENSILE  STRAIN  RECOVERY 

Part  of  the  primary  creep  experiments  were  finished  by  unloading  of  the 
specimen.  After  that,  its  recovery  was  studied  as  a  function  of  tine. 

Results  are  given  in  Pig.  27,  and  data  about  the  corresponding  primary  creep 
experiments  in  Appendix  III.  Fig.  27  is  divided  into  4  subfigures.  Each  of 
these  concerns  polyurethane  rubbers  filled  with  various  amounts  of  the  same 
fraction  of  sodium  chloride.  Note  the  nomenclature  e*  for  strain  during  re¬ 
covery. 

Recovery  curves,  given  in  Pig.  27,  were  plotted  in  double  logarithmic  dia¬ 
grams.  In  this  way,  we  easily  observe  an  Important  feature.  All  the  curves 
of  Pig.  27  are  approximately  parallel  to  each  other.  They  can  be  superposed 
by  a  vertical  shift.  This  shift  along  the  logarithmic  strain  scale  means 
division  or  multiplication  on  a  linear  scale.  Consequently,  normalized 
creep  curves,  obtained  by  dividing  strain  6*  by  its  value  at  a  characteris¬ 
tic  time  tj,  must  reduce  to  one  single  mastercurve. 

The  choice  of  t  is  arbitrary.  We  used  a  value  of  1  h,  and  denote  strain  e' 

®  f  \ 

at  that  time  by  e£.  The  mastercurve  is  given  in  Pig.  28  .  Data  concerning 

different  filler  fractions  are  distinguished  by  different  characters.  The 
scatter  around  this  curve,  representing  the  JO  recovery  curves  of  Pig.  27. 
turns  out  to  be  10  to  20  %  (relative  error).  The  mastercurve  is  Independent 
of  size  and  content  of  the  filler,  and  of  the  history  of  the  specimen  during 
primary  creep  prior  to  recovery.  This  means  that  a  recovery  curve  Is  com¬ 
pletely  determined  by  the  strain  value  at  a  recovery  time  of  1  h.  Multi¬ 
plication  of  the  mastercurve  given  In  Fig.  28  by  this  parameter  ej  results 
in  the  actual  recovery  curve. 

Consequently,  we  can  restrict  ourselves  to  ej  for  studying  the  influence  of 
filler  characteristics  and  history  of  the  specimen  on  tensile  strain  recovery. 


*)  In  practice  we  initially  shifted  all  recovery  curves  to  best  overlap. 
After  that,  we  shifted  the  mastercurve  obtained  in  this  manner  to 
be  1  at  a  recovery  time  of  1  h. 
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This  parameter  is  related  to  the  history  of  the  specimen  snd  to  particle 
size.  This  is  demonstrated  in  Pig.  29,  where  e|  is  plotted  vs  the  contribu¬ 
tion  ed  of  de-wetting  during  primary  creep,  was  calculated  as  the  dif¬ 
ference  between  e  at  unloading  and  strain  e  in  the  non-dewetted  state. 

IQ3JC  O  #  j 

Prom  Pig.  29  we  observe  distinct  correlations  between  ej  and  Within 

1  to  2  %  strain,  £^  was  proportional  to  S^.  However,  the  proportionality 
constant  depended  on  particle  size.  It  was  observed  that  the  recovery 

after  a  recovery  time  of  1  h  was  the  more  complete,  the  larger  the  particle 
size  was.  This  means  that.  Just  as  was  found  for  primary  creep  (section  4.6) 
and  for  rupture  (section  6.3),  also  recovery  was  considerably  delayed 
for  rubbers  filled  with  the  finest  fractions.  However,  we  believe  that  for 
the  case  of  creep  and  rupture  and  the  case  of  recovery,  the  reasons  for  this 
effect  are  different.  At  a  later  stage  of  this  investigation  it  is  planned 
to  return  in  more  detail  to  the  recovery  behaviour  of  filled  rubbers. 


*)  Somewhat  better  correlations  could  be  found  between  t/  and  the  contribu¬ 
tion  of  de-wetting  to  the  tensile  compliance  at  unloading.  We  restricted 
ourselves  to  ed  for  simplicity. 
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6.  RUPTURE  PROPERTIES  IN  REI  ATI  ON  TO  FILTER  CHARACTERISTICS 

6.1 .  Data_of _ragture  stress 

Rupture  stress,  obr,  depended  on  size  and  content  of  filler  and  on  rupture 

time,  t^  .  The  experimental  data  varied  Ire  .  batch  to  batch  and  might  be 

influenced  by  the  concentration  of  surfactant  Asoleetin.  We  investigated 

the  influence  of  all  these  variables  by  using  a  method  illustrated  ii  Fig. 

JO,  It  concerns  polyurethane  rubbers  filled  with  various  auounts  of  coarse 

sodium  chloride  fraction  no.  2  (210  -  300(lm).  Rupture  stress,  Ob„,  is 

plotted  vs  rupture  time,  t^  ,  for  various  values  of  the  content  of  filler. 

We  determined  O,  for  4  fixed  values  of  t,  by  graphical  interpolation. 

Dr  -1  0  lDr  2 

These  standard  values  were  10  ,  10  ,  10  and  10  hrs.  Figures  like  Fig. 30 

were  constructed  for  all  materials  investigated,  and  the  same  interpolation 
method  has  been  followed. 

Numerical  results  are  given  in  Appendix  IV.  It  was  found  that  the  influence 

*) 

of  surfactant  Asoleetin  was  in  the  order  of  the  bateh-to-batch  variations  . 
We  therefore  neglected  it. and  averaged  all  data  available  for  materials  of 
the  same  filler  characteristics. 

6.2.  The  relationship  between  rupture  time  and  rupture  stress 

From  the  experimental  results  given  in  Appendix  IV  we  derived  4  figures. 

One  of  these  is  given  in  Fig.  ?1.  Rapture  stress,  0^.,  is  plotted  vs  con¬ 
tent  of  filler,  c,  at  various  values  of  the  filler  size,  6.  The  rupture 

time  for  Fig.  31  was  10*  hrs.  Analogous  results  were  obtained  for  the  other 

—10  2 

values  selected  for  t^  (10  ,10  and  10  hrs).  Rupture  stress,  was 

found  to  depend  linearly  on  the  logarithm  of  rupture  tine,  t^.  This  is 
demonstrated  by  Figs  32  and  33  in  the  following  way.  We  chose  a  rupture 
time  of  1  h  as  a  reference.  ofer  at  other  values  of  could  be  found  from 
the  corresponding  value  at  the  reference  time,  by  adding  a  quantity  S(tbr), 
given  In  Fig.  In  formula: 

W>  -  V1’  +  3<V-’-  <2> 

*)  Also  for  moduli  at  small  deformation,  no  significant  influence  of  sur¬ 
factant  Asoleetin  was  found;  see  Report  CI/65/88,  Quarterly  Progress 
Report,  March  1,  1965,  through  May  31  >  I965. 
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Hie  result  of  this  reduction  method  is  given  in  Fig.  33*  This  figure  con¬ 
tains  all  superposed  data  for  rupture  times  of  10  10^,  101  and  10  hrs. 

In  Pig.  33  we  observe  a  scatter  in  stress  of  about  0.25  kg/cm  .  This  scat- 

2 

ter  is  5  times  smaller  than  the  maximum  value  of  S(t^r)  (1.25- kg/cm  )  used 
for  the  superposition. 

The  principal  result  of  this  superposition  method  is  that  we  can  now  see 

from  Fig.  33  that  the  influence  of  size  and  content  of  filler  on  rupture 

stress  is  nearly  independent  of  the  influence  of  rupture  time,  nils  at 

-1  +2 

least  holds  for  the  experimental  time  range  from  10  to  10  hrs  (3  decades). 

6.3.  The _ fluence_of  size  and  content  of  I'llleronrupture  stress 

We  clearly  see  from  Pig.  33  that  there  exists  a  relationship  between 
thn  content.  of  filler,  c,  and  the  particle  size,  5.  For  coarse  fraction 
no.  2  (210  -  300  Pm),  decreased  monotonical ly  with  increasing  content 
of  filler,  c.  For  materials  filled  with  fractions  with  a  size  smaller  than 
about  100  [im,  cfDr  showed  a  maximum  at  a  content  of  filler  between  20  and  30 
rar  cent,  by  volume.  Finally,  we  observe  that  for  bimodal  filled  rubbers 
with  a  content  of  filler  exceeding  50  vol.  %,  was  approximately  indepen¬ 
dent  of  the  content  of  filler. 

The  rupture  stresses  for  the  filled  rubbers  could  be  higher  than  those  for 
the  unfilled  rubbers.  This  reinforcement  became  the  more  effective,  the 
smaller  the  particle  size  was.  This  is  demonstrated  by  Fig,  34*  The  ratio  V 
of  the  maximum  stress  0^  over  for  the  unfillei  rubber  is  plotted  vs 
particle  size.  The  reinforcement  amounted  to  a  factor  of  ?  for  the  smallest 
particles.  Note  tiiat  the  results  given  in  Fig.  34  are  nearly  independent  of 
the  rupture  time. 

Finally,  we  plotted  0  vs  particle  size  6  at  various  values  of  toe  content 

Dr  . 

of  filler  in  Fig.  35*  The  value  of  for  this  figure  was  10  hrs.  Results 
shown  in  this  figure  are  experimental  data,  without  use  of  the  reduction 
method  of  formula  (2),  Results  for  other  ,ralues  of  t^  can  be  found  by  using 
the  shift  fiinction  of  Fig.  32.  We  conclude  from  Fig.  35  that  the  particle 
size  is  at  least  equally  important  for  the  ultimate  strength  of  the  filled 
polyurethanes  as  the  content  of  filler. 


CENTRAAL  LABORATORIUM  TNO  -  DELFT  (Holland)  -  Report  No.- CL/66/61  -  page  20 


6.4.  The  influence  of  s i ze _end _£ on te nt  _of _il lie £ _cn_rupture_s train 

For  strain  at  break  ebr,  it  was  not  possible  to  construct  figures  like  Fig. 


'30,  and  to  derive  from  those  relationships  between  s 


br' 


the  filler  charac¬ 


teristics  and  the  rupture  time  t^p.  The  spread  in  the  results  was  too  large, 

The  same  was  found  to  be  true  for  the  compliance  F,  at  break,  defined  by 

or 


br 


%r 

°br  ^ 1  +Sbr). 


O) 


Therefore  we  used  a  rough  measure  for  these  two  quantities.  All  experimen¬ 
tal  values  of  e,  for  the  various  materials  of  the  same  filler  characteris- 
br 

tics,  found  for  several  values  of  the  rupture  stress,  were  averaged.  This 

results  in  an  arithmatic  mean  e.  .  In  the  same  manner  we  found  the  mean  F, 

br  _  _  br 

for  the  compliances  at  break.  From  experimental  evidence,  S  and  F.  give 

the  mean  levels  of  both  quantities  for  fracture  between  10  and  lCr  hrs. 

Further  it  was  observed  that  the  actual  values  of  S.  and  F.  dit  not  differ 

_  _  br  br 

more  than  a  factor  of  2  from  6.  and  F.  . 

br  br 

Results  are  given  in  Fig.  36  for  S,  and  in  Fig.  37  for  F,  .  Both  quantities 

Dr  br 

are  plotted  on  a  logarithmic  scale  vs  the  content  of  filler.  Results  as 
found  for  materials  filled  with  different  sodium  chloride  fractions  are 
distinguished  from  each  other  by  different  characters.  The  dotted  line  in 
Fig.  37  denotes  the  compliance  Fu  of  the  non-dewetted  material. 

For  filler  concentrations  smaller  than  50  vol.-#,  C.  and  F,  did  not  vary 
.  br  br 

more  than  a  factor  of  2  with  a  change  In  the  content  and  the  size  of  the 

filler.  However,  for  filler  contents  exceeding  50  vol.  #,  both  quantities 

drop  over  about  1.5  decade.  This  considerable  decrease  in  S,  and  F. 

br  br 

probably  will  not  be  due  to  the  bimodality  of  the  filler  but  due  to  the  high 
filler  concentration.  This  because  the  "bimodal"  point  at  50  vol.  #  lies 
between  the  points  found  for  "unimodal "  filled  rubbers  and  the  "unimodal" 
point  at  55  vol.  #  lies  between  the  "bimodal"  points  at  50,  60,  65  and  70 
vol.  #. 

The  reason  for  this  strong  decrease  in  the  ultimate  strain  and  compliance 
with  increasing  filler  content  Is  as  follows:  For  highly  filled  rubbers,  the 
specimen  creeps  non-uniformly  (section  4.2).  There  is  only  de-wetting  follow¬ 
ed  by  rupture  in  small  regions.  The  total  strain  of  the  specimen  remains  small 
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and  becomes  approximately  equal  to  that  of  the  non-dewetted  material.  This 

can  be  seen  from  Pig.  37*  Consequently,  for  rubbers  filled  with  65  and  70 

vol.  %  of  sodium  chloride,  F.  equals  P  .  We  thus  find  that  non-uniform 

br  u 

creep  is  the  reason  of  the  large  decrease  in  ultimate  strain. 

This  behaviour  of  highly  filled  polyurethane  rubbers  helps  us  to  predict 
the  compliance  P^  at  break.  As  equals  the  compliance  P^  of  the  non- 
dewetted  material  (see  Fig.  37)  and  F^  equals  the  value  as  found  from  small 
deformation  measurements  (see  section  4.4),  we  can  consequently  predict  F  . 
The  only  variable  not  known  is  the  time  of  break  t^  .  Its  dependence  on  the 
stress  level  and  filler  characteristics  will  be  investigated  extensively  in 
a  later  stage . 

Further  it  is  an  unsolved  problem  how  to  predict  shear  modulus  G,  and  also 

Young's  modulus  E,  for  these  highly  bimodal  filled  rubbers.  As  mentioned 
6) 

previously  ,  actual  values  for  G  differed  50  to  100  %  at  a  content  of 
70  vol.  %  from  the  values  as  predicted  by  Van  der  Poel's  theory  from  filler 
content  only.  A  revised  theory,  taking  into  account  the  bimodality  of  the 
filler,  i.e.  the  mixing  ratio  of  coarse  to  fine  fraction,  is  in  development. 
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CONCLUSIONS 

1.  Polyurethane  rubbers  filled  with  0  to  55  per  cent,  by  volume  of  single 
sodium  chloride  fractions  could  be  prepared.  The  size  of  these  fractions 
ranged  from  1  to  500  p.m.  Materials  containing  50  to  70  vol.  %  could  be 
made  by  using  a  filler  with  a  bimodal  size  distribution. 

2.  A  semi-automatic  method  was  developed  for  the  determination  of  tensile 
creep,  tensile  strain  recovery  and  rupture  properties  under  high  con¬ 
stant  stresses,  at  controlled  temperature  of  21  +.  °C  and  relative 
humidity  of  65  +_  1 

5.  The  strain  within  the  gauge  length  of  the  specimen  was  uniform  for  poly¬ 
urethane  rubbers  filled  with  40  per  cent,  by  volume  or  less.  Non-uniform¬ 
ity  increased  considerably  when  the  filler  content  exceeded  50  vol.  %. 
Essentially  non-uniform  creep  behaviour  was  ..found  for  rubbers  filled  with 
65  and  70  per  cent,  by  volume. 

4.  The  variability  of  creep  properties  was  much  smaller  for  specimens  from 
the  same  batch  than  for  specimens  from  different  batches  of  the  same  com¬ 
position.  This  batch-to-batch  variation  was  smaller  than  the  differences 
between  materials  differing  one  step  in  the  experimental  series  of  values 
for  the  content  of  filler  (0,  10,  20,  50,  40,  50,  55  vol.  %)  or  for  the 
particle  size  of  the  filler  (210-500  |lm,  90-105  p.m,  55-i*0  \im,  8-20  |im, 
and  <  8  }im ) . 

5.  Tensile  creep  phenomena  observed  could  be  related  to  vacuole  formation 
in  the  material  (de-wetting).  At  shorttimes,  the  material  was  in  a  non- 
dewetted  state.  After  some  time,  de-wetting  became  visible  as  a  monoton- 
ical  increase  with  time  of  strain  and  compliance.  Mostly  the  de-wetting 
process  was  interrupted  by  break  of  the  specimen.  An  obvious  end  level 
for  strain  at  long  times  was  never  found. 

6.  De-wetting  is  a  destructive,  non-re versible  phenomenon.  Once  de-wetted, 
the  mechanical  properties  of  the  material  have  permanently  changed. 

7.  The  tensile  properties  of  the  non-dewetted  material  could  be  predicted 
from  small  deformation  moduli. 
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8.  Creep  compliances,  relating  to  the  same  material  under  various  stresses, 

i  ,  i. 

could  be  reduced  to  a  single  mastercurve  by  a  time -stress  shifting  proce- 

V 

dure.  The  time-stress  shift  functions  turned  out  to  be  independent  of 

content  or  size  of  the  filler.  j 

-  I  * 

9.  The  position  of  the  de -wetting  process  on  the  time  scale  largely  depend¬ 
ed  or;  size  and  slightly  depended  on  content  of  filler.  The  change  in 
strain  induced  by  de-wetting,  e^,  considerably  depended  on  content  and 
slightly  depended  on  size  of  filler.  ; 

■4 

10.  When  all  tensile  strain  recovery  curves  were  normalized,  i.e.  divided 

by  the  strain  value  at  a  recovery  time  of  1  h,  all  experimental  points 
lie  on  one  single  mastercurve.  This  mastercurve  was  independent  of 
siz^  and  content  of  filler  and  of  the  conditions  of  the  primary  creep  ex¬ 
periment  preceding  the  recovery.  Strain  ej  was  proportional  to  the  con¬ 
tribution  ed  of  de-wetting  to  the  strain  during  primary  creep.  However, 
eJYe^,  the  fraction  of  the  strain  not  recovered  after  1  h,  much  increased 
with  decreasing  filler  size,  i.e.  the  recovery  was  delayed  for  the  small 
particles. 

11.  Rupture  stresses,  0^r,  depended  on  size  and  content  of  filler,  and  on 

rupture  time.  The  influence  of  filler  characteristics  on  rupture  stress 
was  independent  of  the  influence  of  rupture  time  on  rupture  stress .  Por  a 
coarse  filler  (2i0-j500  jim),  a^r  decreased  monotonically  with  increasing 
content  of  filler,  for  finer  fractions  a  maximum  value  for  was  found 
at  a  filler  content  of  about  25  vol .  %.  This  reinforcement  amounted  to 
100  %  for  rubbers  filled  with  the  finest  fraction  (<8.^m).  Further, 
there  was  a  slight,  linear  dependence  of  rupture  stress  on  the  logarithm 
of  rupture  time. 

12.  For  highly  bimodal  filled  rubbers,  rupture  stress  was  found  to  be  inde¬ 
pendent  of  the  content  of  filler. 

13*  The  strains  and  compliances  at  break  did  not  vary  more  than  a  factor  of 
2  for  rubbers  filled  with  less  than  50  per  cent,  by  volume.  For  higher 
filler  concentrations,  rupture  compliances  dropped  over  1.5  decade. 

Values  equal  to  those  of  the  non-dewetted  material  were  reached  at  a 
filler  content  of  65  to  JO  vol.  %,  The  reason  for  this  effect  was  the 
non-uniformity  of  creep. 


CENTRAAL  LABORATORIUM  TNO  -  DEIFT  (Holland)  -  Report  No.  CL/66/61  -  page  24 


REFERENCES 


1.  F.R.  Sehwarzl,  Mechanical  Properties  of ;  Highly  Filled  Elastomers,  Tech¬ 
nical  Report  No.  1,  Contract  N  62558-2822  Office  of  Naval  Research, 

Central  Laboratory  T.N.O.,  Delft,  July,;  1 962. 

:  |  V 

2.  F.R.  Sehwarzl,  Mechanical  Properties  of  Highly  Filled  Elastomers  II, 

:  \  ' 

Influence  of  particle  size  and  content  of  filler  on  tensile  properties 
and  shear  moduli.  Technical  Report  No.  2,  Contracts  N  62558-2822  and 
N  62558-5245  Office  of  Naval  Research,  Central  Laboratory  T.N.O.,  Delft, 
April,  1965*  f 

5.  F.R.  Sehwarzl,  Mechanical  Properties  of  Highly  Filled  Elastomers  III, 
Influence  of  particle  size  and  content  of  filler  on  thermal  expansion 
and  bulk  moduli.  Technical  Report  No.  5,  Contracts  N  62558-5581  and 
N  62558-5884  Office  of  Naval  Research,  Central  Laboratory  T.N.O.,  Delft, 

t 

June,  1964.  i 


4.  F.R.  Sehwarzl,  H.W.  Bree  and  C.J.  Nederveen,  Mechanical  Properties  of 
Highly  Filled  Elastomers  I,  Proc.  4th  Int.  Gongr.  Rheology  (Providence, 
1965)^  E.H.  Lee  (Ed.),  Interscience/Viley,  N.Y.  (1965)  Vol.  5/  241-265. 


5.  C.W.  van  der  Wal,  H.W.  Bree  and  F.R.  Sehwarzl,  Mechanical  Properties  of 
Highly  Filled  Elastomers  II,  J.  Appl.  Polymer  Sci.  2.  (1965)  2145-2166. 

6.  F.R.  Sehwarzl  et  al.  On  Mechanical  Properties  of  Unfilled  and  Filled 
Elastomers,  Proc.  Int.  Conf .  on  Mech.  and  Chem.  of  Solid  Propellants, 
Lafayette,  1965,  in  press. 

7.  H.W.  Bree,  F.R.  Sehwarzl  and-L.C.E.  Struik,  Mechanical  Properties  of 
Highly  Filled  Elastomers  IV,  Influence  of  particle  size  and  content  of 
filler  on  tensile  creep  at  large  deformations.  Technical  Report  No.  4, 
Contracts  N  62558-5884  and  N  62558-4575  Office  of  Naval  Research,  Cen¬ 
tral  Laboratory  T.N.O.,  Delft,  July,  1965. 

8.  K.W.  Bills  and  J.H.  Wiegand,  Relation  of  Mechanical  Properties  to  Solid 
Rocket  Motor  Failure,  A. I. A. A.  Journal,  1_  (1965)  2116-2125. 


9.  J.D.  Ferry,  Viscoelastic  Properties  of  Polymers,  John  Wiley  &  Sons,  Inc., 
New  York,  1961. 


CENTRAAL  LABORATORIUM  TNO  -  DELFT  (Holland)  -  Report  No.  CL/6 


Table  1  Composition  and  properties  of  NaCl  filled  samples  p 


1 

— 

2 

. 3 

mm 

sample  no. 

composition  prepolymer 
g/100  g  polyether 

Desmophen  3600 

TDI 

TMP 

DB 

3600/108 

3600/227 


3600/138 
3600/123 
3600/131 
3600/133 
3600/222 
3600/230  A 
3600/134 
3600/223 
3600/231  A 
3600/176 
3600/177  L 
3600/203  A 
3600/204 


3600/211 
3600/214  A 
3600/212 
3600/216  A 
3600/213 
3600/215  A 


3600/164 

19.7 

3600/217 

|  19.8 

✓ 

6 

filler  content 
vol .  %  NaCl 

from 

ingredients 

from 

d 

- 

9.8 

19.5 

29.5 

39.6 

39.5 

39.6 

49.6 

49.7 

49.7 

54.8 
54.5 
54.7 
54.7 


*)  At  20  C  except  as  stated  otherwise, 
A  =  Asolectin  . L  <=  Lecithin 


fraction  NeCl -filler  surfactant 

No.  particle  conoentra- 

size  tion 

(weight  %  c 
|lm  on  NaCl)  f 


210-300 

* 

0.11 

0.11 

0.55 

0.02 

0.04 

90-105 

0.04 

0.04 

33-40 


I 
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1_  Composition  and  properties  of  NaCl  filled  samples  prepared 


5 

6 

7 

8 

9 

10 

11 

12 

filler  content 

fraction 

NeCl-filler 

surfactant 

swelling  23  °C 

| df 

vol.  %  NaCl 

No. 

particle 

concentra- 

vol. 

increase) 

nj  _ 

size 

xi  on 

-  from 

from 

(weight  % 

trichloro 

■H 

ingredients 

d 

|im 

on  NaCl) 

ethylene 

— 

— 

— 

412 

310 

- 

KS 

- 

- 

583 

292 

9.8 

300 

1.1792 

.  19.-5. . 

KM 

304 

1.2928 

29.5 

30.2 

394 

305 

1.4016 

59-6 

40.4 

410 

1.5140 

59*5 

39-9 

2 

210-500 

370 

282 

1.5092 

39-6 

39-6 

0.11 

391 

291 

1.5068 

49.6 

51.1 

410 

301 

1.6309 

49.7 

50.0 

365 

273 

1.6200 

49.7 

49-5 

0.11 

385 

295 

1.6155 

54.8 

54.0 

324 

256 

1.6865 

54.5 

54.4 

0.55 

37  6 

285 

I.6689 

54.7 

54.9 

0.02 

385 

285 

1.6744 

5^.7 

54.9 

340 

265 

1.6740 

19.9 

19.9 

365 

281 

1.2902 

29.8 

29.9 

345 

265 

1.3996 

29.8 

29.8 

0.04 

386 

293 

1.3988 

39.9 

39-7 

* 

90-105 

389 

294 

1.5070 

59.8 

39-8 

0.04 

381 

-  297 

1.5084 

49.8 

49.4 

370 

276 

1.6142 

49.8 

49.7 

0.04 

385 

287 

1 .6170 

9.8 

9.8 

380 

291 

1.1797 

9.8 

9.7 

_ 

6 

! 

33-40 

.  __  .... 

378 

289 

1.1787 

(23°) 

(25°) 

(25°) 

(25°) 


(25°) 


.se . 


w 
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Table  1  (Continued) 


1 

2 

5 

4 

— 

_ ! _ 

6 

7 

sample  no. 

composition  prepolymer 

filler  content 

fraction 

NaCl-] 

s/100  g  polyether 

vol.  %  NaCl 

no. 

parti 

Desmophen  5600 

size 

| - , - 

from 

from 

TDI 

TMP 

DB 

ingredients 

d  I 

/ 

^600/166 

19.7 

4.0 

2.0 

19.7 

19.6  i 

5600/218 

19.7 

4.0 

2.0 

19.8 

19.8 

5600/168 

19.7 

4.1 

1.5 

29.8 

29.7 

5600/219 

19.7 

4.0 

1.5 

29.8 

29.9 

5600/259  A 

19.7 

4.0 

1.5 

29-8 

29.4 

6 

55 

5600/170 

19.7 

4.0 

1.5 

59.8 

59-7 

5600/175 

19.8 

4.0 

1.5 

59.6 

59*3 

5600/240  A 

20.1 

4.0 

1.6 

39.8 

59.7 

5600/220 

19.7 

4.1 

1.5 

59-8 

59-9 

5600/205  A 

19.7 

4.1 

1.5 

59.8 

59.6 

5600/20 6  A 

19.7 

4.1 

1.5 

49.8 

49.5 

5600/178 

19.7 

4.0 

5.0 

9-7 

9.9 

5600/224 

19.7 

4.0 

3.0 

10.4 

10.6 

5600/252  A 

19.7 

4.0 

5.0 

9.8 

9.5 

5600/180 

19.7 

4.0 

2.0 

19.8 

19.4 

7 

8 

5600/225 

19.7 

4.2 

2.0 

19.9 

18.2 

5600/255  A 

19.7 

4.0 

2.0 

19.8 

19.8 

5600/181 

19.6 

4.1 

1.5 

29.9 

29.8 

5600/254  A 

19.7 

4.0 

1.5 

29.8 

29.7 

5600/255  A 

19.7 

4.0 

1.5 

39.8  1  29.7 

5600/185 

19.7 

4.0 

5.1 

9.9  i  9.7 

50OO/256  A 

19.7 

4.0 

5.0 

9.8 

9.8 

5600/190 

19.7 

4.0 

5.0 

9.9 

9.7 

5600/186 

19.7 

lt.0 

2.0 

19.8 

19.8 

8 

<  £ 

5600/257  A 

19.8 

4.0 

2.0 

19.8 

19.8 

5600/186 

19.7 

4.0 

1.5 

29.7 

29.7 

5600/258  A 

19.7 

4.0 

1.5 

29.8 

29.7 

5600/191  L 

19.7 

4.0 

1.5 

59.8 

59.5 

5600/208  A 

19.3 

4.1 

2.n 

49.7 

49.8) 

Q 

765:2] 

5600/241 

20.1 

4.0 

2.0 

50.0 

49,8 

[35:  ; 

5600/209  A 

19.8 

4.1 

1.4 

59.8 

59.6 

5600/242  A 

20.1 

4.0 

1.5 

64.8 

64.2 

5600/202  A 

19.8 

4.1 

1.5 

70.0 

690 

5600/207  A 

19.7 

4.1 

1.5 

70.0 

1 

1 

69.6  / 

j 

*)  At  20  °C  except  as  stated  otherwise. 
A  ■=  Asolectin  L  =  Lecithin 
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filler  content 
vol.  %  NaCl 


8 

9 

10 

_ 

11 

NaCl -filler 

surfactant 

swelling  25  °C 

particle 

concentra¬ 

tion 

(#  vol. 

increase) 

size 

chloro- 

tri chloro 

(weight  % 

pm 

on  NaCl) 

form 

ethylene 

570 

282 

565 

276 

565 

277 

560 

268 

55-40 

0.05 

580 

275 

541 

265 

557 

261 

0.05 

578 

266 

556 

265 

0.1 

577 

278 

0.05 

585 

281 

565 

271 

562 

274 

0.05 

572 

281 

8-20 

567 

279 

565 

275 

0.05 

572 

275 

551 

260 

0.05 

567 

265 

0.05 

571 

261 

551 

270 

0.06 

570 

277 

559 

261 

<  8 

556 

262 

0.06 

560 

256 

540 

264 

0.0 6 

555 

246 

1.9 

405 

508 

/65: 210-500 

0.02 

574 

276 

(55:  55-40 

510 

245 

0.02 

575 

278 

0.02 

515 

255 

0.02 

548 

266 

0.02 

j. 

549 

266 

1 .2371 
1.2890 
10980 
10995 
1 0944 
1.5070 
1.5056 

1.5089 

1.5090 
1.5061 
1.6144 

1.1804 
1.1878 
1.1766 
1 .2854 

I.2719 

1.2896 

10990 

1.5982 

1.5079 

1.1785 
1.1796 
1.1782 
1.2888 
1 .2892 
1.5977 
1.5984 
1.5058 

1 .6182 
1.6188 
1.7258 
1.7766 

1.8521 

1.8246 


rwise . 
thin 
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IEGEND  TO  FIGURES 

Pig.  1.  Survey  of  the  materials  prepared  and  investigated  for  tensile  creep 
properties. 

Pig.  2.  "ensile  creep  tinder  various  high  stress  levels  and  tensile  strain 
recovery  for  unfilled  polyurethane  rubber  36OO/IO8}  temp.  21  °Ci 
rel.  hum.  65  %•  ■ 

Pig.  3»  Tensile  creep  under  various  high  stress  levels  for  polyurethane 

rubber  [56CO/134,  filled  with  50  vol,  %  of  sodium  chloride  fraction 
no.  2  (210  -  300  |im);  temp.  21  °C;  rel.  hum  65  #. 

Pig.  4.  Tensile  creep  for  polyurethane  rubbers  filled  with  various  amounts 

of  coarse  sodium  chloride  fraction  no.  2  (210  -  300  flm)  under  the 

2  o 

stress  level  of  3. 00  kg/cm  ;  temp.  21  C;  rel.  hum  65  %.  The  curve 
shown  for  the  unfilled  rubber  was  interpolated  from  results  given 
in  Fit,.  2. 

Pig.  5»  Tensile  creep  curves  for  several  materials  as  measured  over  different 
parts  of  the  specimen.  Symbols  concern  strain  values  as  found  over 
the  entire  gauge  Length.  Vertical  bars  denote  the  differences  between 
strain  values  found  over  the  upper  and  lower  halves  of  the  gauge 
length. 

Temp.  21  °C;  rel.  hum.  65  %. 

Pig.  6.  Tensile  creep  for  polyurethane  rubbers  filled  with  50,  60,  65  and 
70  vol.  %  of  blmodal  soaium  chloride  substance  no.  9  (210  -  300  flm, 
33-40  (jm)  under  the  stress  level  of  4.0  kg/ cm2.  Temp.  21  °C;  rel. 
hum.  65 

Pig.  7.  Tensile  creep  under  various  high  stress  levels  for  "Model  Substance 
Bw,  a  polyurethane  rubber  filled  with  52  vol.  %  KC1  and  9  vol.  %  Al. 
Temp.  21  °C;  rel.  bom.  65 

Pig.  8.  Mschanical  test  series  of  specimen  36OO/215  A,  no.  5,  containing 
50  vol.  %  of  sodium  chloride  fraction  no.  4  (90  -  105  (j,m);  temp. 

21  °Cj  rel.  hum.  65  %• 

Curve  1  s  tensile  creep  of  the  virginal  specimen  under  the  stress 

2 

level  of  3.00  kg/cm  ,  unloading  after  0.044  hr 3. 
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Curve  1  A  :  recovery  stopped  after  0.24  h. 

Curve  2  :  tensile  creep  at  a  high  stress  level  of  3.75  kg/can2; 

unloading  after  0.2  h. 

Curve  2  A  :  recovery  stopped  after  0.55  h. 

Curve  J  :  tensile  creep  under  the  original  low  stress  level  of 

2 

3.00  kg/cm  ;  unloading  after  0.1  h. 

The  experiments  were  performed  one  directly  after  the  other. 

Fig.  9*  Schematic  tensile  creep  curve  for  a  filled  polyurethane  rubber. 

Fig.  10.  Relative  Young's  modulus  of  non-dewetted  materials  vs  particle 

size;  content  of  filler  as  parameter.  Horizontal  bars  give  E  cal- 

r 

culated  from  tensile  creep  measurements.  Characters  like  circles 
etc.  denote  E^,  calculated  from  small  deformation  shear  measure¬ 
ments  reported  earlier^^ . 

Temp.  21  C;  rel.  hum.  65  %  for  tensile  creep  and  0  %  for  shear 
measurements . 

Fig.  11.  Illustration  of  the  time -stress  shift  procedure  on  creep  data  of 
material  3600/133,  filled  with  40  vol.  %  of  NaCl  fraction  no.  2 
(210  -  300  |j,m);  temp.  21  °C;  rel.  hum.65  %• 

Full  lines  represent  the  original  creep  compliances;  thin  dotted 
lines  the  shifted  creep  compliances;  the  dashed  line  is  the  master 
curve . 

Fig.  12.  Tensile  compliance  F  vs  time  for  polyurethane  rubbers  filled  with 
10  per  cent,  by  volume  of  various  sodium  chloride  fractions. 

Temp.  21  C;  rel.  hum.  65  %%  reference  stress  level  Oq  *  6.00  kg/cm' 

1  :  185/190 

2  s  236 

3  :  178/224 

4  :  232  A 
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Fig.  135.  Ditto  but  20  per  cent,  by  volume. 

1  :  186 

2  :  237  ^ 

3  :  180 

4  .  225/233  A 

5  :  218 
6  :  166 
7  :  210 
8  :  123 

Fig,  14.  Ditto  but  30  per  cent,  by  volume. 

1  :  188 

2  :  238  A 

3  :  181 

4  i  234  A 

5  :  168 

6  :  219 

7  :  239  A 

8  :  214  A 

9  :  211 
10:  131 

Fig.  15-  Ditto  but  40  per  cent,  by  volume. 

1  :  191  L 

2  :  235  A 

3  :  170 

4  :  220 

5  :  240 

6  :  205  A 

7  :  212 

8  :  216  A 

9  :  133 
10:  222 
11:  230  A 
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Pig.  16.  Ditto  but  50  per  cent,  by  volume, 

1  :  206  A 

2  :  215 

5  :  215  A 

4  :  154 

5  :  22? 

6  :  231  A 

Pig.  17.  Time-stress  shift  relationship  for  tensile  creep  cf  polyurethane 

rubbers  filled  with  various  amounts  of  several  sodium  chloride  frac¬ 
tions, 

A  :  no.  8  (<  8  jjm) 

B  :  no.  7  (8  -  20  Jim) 

C  :  no.  6  (33  -  404m) 

D  .  no.  4  (90  -  105  Jim) 

E  :  no.  2  (210  -  300  Jim) 

Reference  stress  <Jo  =  6.00  kg/cmS  temp.  21  °C;  rel.  hum.  65  %. 

Fig.  18.  Time-stress  shift  relationship  for  tensile  creep  of  polyurethane 

rubbers  filled  with  various  amounts  of  several  fractions  of  sodium 
chloride.  Reference  itrese  oo  «  6.00  kg/cm2;  temp.  21  °C;  ml.  hum. 
65  %. 

Fig.  19*  Tensile  compliance  F  vs  reduced  time  for  polyurethane  rubber*  filled 
with  various  amounts  of  sodium  chloride  fraction  no.  8  (<  8  urn); 

O  s 

temp.  21  C;  rel.  hum.  65  %•  reference  stress  0  *  6.00  kg/ca  . 

o 


Pig.  20.  No.  7  (8  -  20 jim)  ditto 

Pig.  21.  No.  6  (33  -  40  Jim)  ditto 

Pig.  22.  No.  4  (90  -  105  Jh?)  ditto 

Pig.  23.  No.  2  (210  -  300  Jim)  >  ditto 


Pig.  24.  Compliances  P^  and  respectively  for  the  non-da  wetted  state  and 
at  break,  vs  the  content  of  filler,  for  polyurethane  rubber*  filled 
with  sodium  chloride  fraction  no.  2  (210  -  300  jim),  21  °C; 

rel.  hum  65  F^r  defined  according  to  section  6.4. 
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Fig.  25.  Characteristic  de-wetting  time  T,  vs  particle  size  for  polyurethane 

,-'  V  i  i  c^. 

rubbers  filled  with  30*  40  and  50  vol.  #  of  various  sodium  chloride 


0  *  •  2 

fractions;  temp.  21  C;  rel.  hum.  65  &  stress  level  O  «  6.00  kg/cm 


Pig.  26.  Stress  level  O,  necessary  to  produce  a  characteristic  de -wetting 

VjT'  ..  •_  f  •>; 

time  of  0.1  h,  vs  the  particle  size  for  polyurethane  rubbers  filled 
with  40  vol.  %  of  various  sodium  chloride  fractions;  temp.  21  °C; 

•  .  I  >. 

rel.  hum.  65  • 


Fig.  27.  Tensile  strain  e' ,  during  recovery  vs  log.  time  for  materials  filled 
with  various  amounts  of  several  sodium  chloride  fractions. 

A  s  no.  8  (<  8  |im)  I 

B  :  no.  7  (8  -  20jxm)  j 

C  :  no.  6  (33  -  40  }im) 

D  :  no.  4  (90  -  105  M-m) 

Temp.  21  °C;  rel.  hum.  65  % 


.  Numbers  written  near  each  curve  indicate  batch  and  specimen.  For 
each  specimen,  the  corresponding  primary  creep  data  are  summarized 
in  Table  111,1  of  Appendix  III. 

Fig.  28.  Normalized  recovery  strain  e*/e^  vs  log.  time  for  polyurethane  rub¬ 
bers  filled  with  several  sodium  chloride  fractions.  e£  denotes  the 
strain  at  a  recovery  time  of  1  h.  Temp.  21  °C;  rel.  hum.  65 

Fig.  29.  Strain  at  a  recovery  time  of  1  h  vs  the  contribution  of  de- 
wetting  to  strain  at  unloading.  Temp.  21  °C;  rel.  hum.  65 


Fig.  30.  Rupture  stress  obr  vs  rupture  time  tfer  for  polyurethane  rubbers 

filled  with  various  amounts  of  coarse  sodium  chloride  fraction  no.  2 
(210  -  300|j,m).  Temp.  21  °C;  rel.  hum.  65 

Fig.  31 •  Rupture  stress  obr*  necessary  to  produce  rupture  after  10  hrs  as  a 
function  of  content  and  particle  size  of  the  filler.  Temp.  21  °C; 
rel.  hum.  65  %> 

Fig.  32.  Time-stress  shift  relation  3(tbr)  for  polyurethane  rubbers  filled 
with  various  amounts  of  different  fractions  of  sodium  chloride. 
Reference  rupture  time  1  h;  temp.  21  °C;  rel.  hum.  65  £>• 


CENTRAAL  LIBORATORIUM  TNO  -  DELPT  (Holland)  -  Report  No.  CL/66/61  -  page  32 


Fig*  33*  All  data  of  rupture  stress,  shifted  to  a  reference  rupture  time  of 
1  h,  plotted  vs  content  of  filler.  Temp.  21  °C;  rel.  hum.  65 

The  quantity  plotted  on  the  ordinate  is  obr  (1)  from  formula  (2). 

•  *  * 

Fig.  y\.  Reinf crcement  factor  v  vs  particle  size  of  the  filler,  6. 

Temp.  21  °C;  rel.  hum.  65  %.  *  3* 

-  If'!.: 

Fig.  35-  Rupture  stress  a^r  vs  particle  size  6  of  the  filler  for  various 
values  of  the  filler  concentration.  Rupture  time  t^  for  this 

figure  was  10*  hrs.  Temp.  21  °C;  rel.  hum.  65 

_  _  •  I  : 

Pig.  36.  Average  rupture  strain  e,  vs  content  of  filler  for  polyurethane 

br  i  \  o 

libbers  filled  with  various  sodium  chloride  fractions.  Temp.  21  C; 

•  i-  ; 

rel.  hum.  65  %.  T 

Fig.  37*  Average  rupture  compliance  vs  content  of  filler  for  polyurethane 
rubbers  filled  with  various  sodium  chloride  fractions.  The  dotted 
line  is  the  compliance  P^  of  the  non-dewetted  material.  Its  strange 
course  for  filler  contents  higher  than  50  vol.  %  originates  from  the 
bimodality  of  the  filler  (a  mixture  of  65  %  coarse  and  35  %  fine 
particles).  Temp.  21  °C;  rel.  hum.  65  %. 
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N V  DrwVk*rij  „M*rcuriui’*  Worm*r»i»f 


®  P6QC 


«c>  dik'd  1-10*  Etnhelj  <5  mm.  Yti  »«r.S*fc-J 


>.  34  X-*i  rartJeftld  1-10*  £«nheid  45  rr.m.  Y-zt  vendee5 


,(H*  e  L  9  S  V  £  l  .616  9  L  9  S  »  C  I  ,016  0  • 


01*t  fio| 


:?®93u?tnE 


Etrif 
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APPENDIX  II 

NUMERICAL  DATA  CONCERNING  THE  TIME -STRESS  REDUCTION 

Tables  II.  1  to  II.  rj  summarize  numerical  data  for  the  time -stress  shift  for 
all  materials  of  which  creep  curves  were  reduced  to  master  curves  (see  sec¬ 
tion  A. 5).  Each  table  concerns  materials  filled  with  various  amounts  of  the 
same  sodium  chloride  fraction.  The  first  (upper)  row  gives  filler  size,  the 
second  filler  content,  the  third  the  batch  number.  Values  for  the  time-stress 

shift  log  a(OjO  )  ere  given  in  time  decades  as  a  function  of  the  stress  level 

0  2 
0.  The  reference  stress  level  in  these  tables  is  6.00  kg/cm^. 

2 

For  several  materials  no  creep  curves  at  the  reference  stress  0Q  -  6.00  kg/cm 

v:ore  available.  For  these  materials.  Initially  another  reference  stress  o' 

o 

was  chosen.  These  levels  are  indicated  in  Tables  II. 1  to  II. 5. by  a  cross  at 

the  shift  number  belonging  to  this  Stress  d  .  For  instance,  a  level  o'  = 
o  0  o 

J.00  kg/crrT  was  used  initially  as  reference  for  materials  filled  with  frac¬ 
tion  no.  2  (210  -  JOG  |itn);  see  Table  II. 1.  Afterwards,  the  shift  data  were 
transposed  to  the  reference  level  oo  =  6. CC. kg/cm  by  adding  a  factor  found 
by  inter-  or  extrapolation  of  the  shift  function. 

Table  II. 6  gives  numerical  data  of  the  maximum  scatter,  S,  of  the;  shifted 
experimental  points,  around  the  master  curves  (see  section  4.5).  S j  concerning 
Figs  11-15  and  Figs  lb-22,  is  given  is  scale-units.  1  scale-unit  for  these 
figures  equals  1.5  mm. 
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Table  II.l  Time-stress  shift  log  a (o»co);  0Q  =  6.00  kg/cm2 


210  -  300  )xm 

0 

2 

10  # 

40  % 

50  $ 

kg/cm 

158 

123 

131 

3  53 

122 

230  A 

134 

223 

231  A 

2.0 

-  x) 

-  x) 

-  x) 

-  x) 

-5.96 

-6.69 

2.5 

-5.69 

-5.65 

-5.41 

1 

\J^ 

CO 

-5.39 

5.0 

-4.50*) 

,  *) 
-4.50  ; 

-4.50  ; 

-4.50  ' 

t  *  ) 

-4.50  ^ 

.  #  ) 
-4.50  ' 

,  *  ) 
-4.50  ^ 

-4.50*^ 

-4 . 50*  ^ 

5-5 

-3.20 

-3.55 

-3-57 

-3.50 

-3.82 

4.0 

-1.7 

-l  .96 

-2  .76 

-3.05 

4.5 

5.0 

-1 .1 

5.5 

_ 

p 

Table  I 1.2  Time-stress  shift  log  a(a,0Q);  oq  -  6.00  kg/cm 


x)  creep  curves  not  used  for  time-stress  reduction 

*)  initial  reference  stress  o' 

'  o 
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Table  II .2  Time -stress  shift  log  a (o>Oq);  0Q  =  6.00  kg/cm2 


35 

-  40  |im 

0 

,  2 
kg/ cm 

10  % 

20  % 

;  30  % 

40  % 

50  % 

164 

217 

166 

218 

1 

239  A 

220 

205  A 

206  A 

4.0 

-2.52 

4.5 

-2.65 

5.0 

-1 .22 

-1.40 

-1.77 

-1.22 

-1.48 

-1.18 

-1.35 

-2.11 

5.5 

-0.82 

■'  ' 

-0.80 

-1.13 

-0.52 

-0*8 

6.0 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

6.5 

. 

0.53 

0.43 

*) 
0.5  ' 

7.0 

0.91 

0.75 

0.60 

1.04 

1.13 

0.81 

O.58 

1.00 

7.5 

1.32 

1.11 

1.68 

1.11 

8.0 

1.43 

1.00 

1.50 

1.38 

2.00 

1.60 

p 

Table  II. 4  Time-stress  shift  log  a(o,0Q);  oq  =  6.00  kg/cm 


I 

T 

4. 

T 
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Tabic  II. 5  Time-stress  shift  log  a(o<o0)»  o0  =  6.00  kg/cm2 


<  8  jj.m 

o 

10  % 

! 

20  % 

30  % 

40  % 

kg/cm 

\ . 

185/190 

256  A 

186 

237  A 

188 

238  A 

191  L 

4.0 

-O.92 

4.5 

5.0 

-0.22 

-0.48 

5-5 

-0.57 

6.0 

0.00 

0.00 

0.00 

0.00 

6.5 

0.48*^ 

7-0 

0.90 

0.48 

0.34 

7.5 

1.12  ' 

0.88 

8.0 

0.93 

0.93  ' 

8.6 

1.64 

9-0 

2.48 

1.66 

9-5 

2.90 

2.90  ' 

10.0 

2.5 

2-59 

2.47 

10.5 

11.0 

5.11 

e  units 
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APPENDIX  III 

NWERICAL  DATA  CONCERNING  TENSILE  STRAIN  RECOVERY 

Table  111,1  summarizes  for  each  specimen  used  for  tensile  strain  recovery 
experiments  from  left  to  right: 

(a)  the  specimen  number.,  the  number  and  .-'.ze  of  the  fraction  and  the  con¬ 
tent  of  filler; 

(b)  typical  data  on  the  primary  creep  experiment  preceding  recovery.  These 

data  are  the  stress  n  $  the  elapsed  time  t,  and  the  strain  e 

T^r.  creep*  ^  1  max 

at  the  moment  of  unloading;  the  strain  eQ  at  ihe  beginning  of  the  primary 
creep  experiment  as  calculated  from  the  modulus  in  the  non-dewetted  state 
(see  section  4.4)  and,  finally,  the  contribution  em  -  eo  of  the  de -wet¬ 
ting  proces  to  strain  e  > 

max 

(c)  the  strain  e,'  at  a  recovery  time  of  1  h. 

I 

I 

I 

I 

I 

[ 

I 

I 

I 

1 

i  . 


ii 


! 

I  _ 


I 


r 
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I 

I 

I 
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Table  III.l 


spec .no. 

fraction 

no. 

NaCl 

vol .% 

0 

pr.er^ 
kg/ ctn 

*1 

hrs 

emax; 

w 

eo 

<*) 

e  max  eo 

(*> 

1 

el 

(*) 

185/2 

8 

10 

7-5 

1480 

27.65 

15.0 

12.7 

6.37 

185/4 

<  8  jj.m 

10 

7.0 

1440 

24.00 

14.0 

10.0 

5.66 

185/5 

10 

6.0 

1300 

17.52 

12.0 

5.5 

- 

236  A/3 

10 

4.5 

1000 

14.10 

8.8 

5.3 

2.52 

186/1 

20 

7-5 

1200 

21.15 

9.0 

12.2 

6.56 

186/2 

20 

7-0 

1300 

17.40 

7.2 

10.2 

5.80 

186/6 

20 

6 .0 

1400 

13.95 

6.1 

7.9 

5.20 

237  A/2 

20 

4.0 

1000 

8.43 

3-7 

4.7 

2.74 

188/1 

30 

6.0 

1600 

10.76 

3.4 

7.4 

5.20 

188/2 

30 

7.0 

1500 

14.85 

4.0 

10.9 

7.65 

188/3 

30 

-  8.0 

1500  ' 

21 .9 

4.5 

17.4 

13  .00 

188/4 

30 

5.0 

1300 

8.14 

2.8 

5.3 

4.40 

191  L/l 

40 

5.o 

1550 

i  n  P 
-1  • 

1.8 

16.0 

11.60 

191  L/2 

40 

6.0 

1500 

34.4 

2.4 

32.0 

22.00 

224/1 

7 

10 

5.0 

980 

17.8 

11.0 

6.8 

3.21 

232  A/1 

8-20  jim 

10 

6.0 

930 

23.1 

14.5 

8.6 

00 

f- 

Cd 

234  A/5 

30 

6.0 

1000 

34.2 

4.9 

29.5 

10.15 

164/5 

6 

10 

5-5 

1340 

26.4 

14.0 

12.4 

3.70 

217/4 

33  “40  |j,m 

10 

10C0 

19.6 

12.2 

7.4 

1.80 

218/2 

20 

850 

18.7 

7.0 

11.7 

3.20 

168/4 

30 

1030 

21.7 

4.5 

17.2 

6.20 

219/4 

30 

980 

26.8 

4.1 

22.7 

6.20 

175/1 

40 

1460 

7.89 

1.8 

6.1 

3.20 

"CNTRAAI.  UM30IIATGRIU M  TOO  -  DELFT  (Holland)  -  Report  No.  CL/66/61  -  pagr- 


Table  I  I.r .  i  ( Qont  i  nued ) 


.nc. 

fraction  no. 

NaCi 

°pr  .<;r . 

t1 

em?.x 

Ko 

em  -x  "  eo 

vol ./ 

kg/ era 

hrs 

CO 

(*) 

00 

CO 

o 

OJ 

4 

20 

4.5 

1010 

21  .2 

7.5 

13.7 

1 .8 

214  A/5 

5'0  -  1C5  j-tn: 

30 

3-5 

890 

16.5 

3-4 

13.1 

1.4 

212/1 

40 

3-0 

noo 

15-1 

1.7 

13.4 

2.7 

212/5 

40 

3-5 

910 

25.1 

l  .8 

23.3 

3.8 

21J/1 

50 

3-0 

1150 

13.5 

0.7 

12.8 

3.0 

158/2 

2 

10 

3-0 

820 

12.65 

3.0 

4,65 

0.30 

125/1 

210  -  500  (j/n 

20 

2.0 

1000 

5.49 

4.2 

1.29 

0.06 

151/1 

30 

2.0 

960 

4.75 

2.2 

2.55 

0.32 

131/5 

30 

2.5 

420 

10.50 

2.8 

7.7 

1.1 

155/1 

40 

2.0 

850 

6.20 

1 .2 

5-0 

0.94 

204/2 

55 

2.0 

1000 

5.90 

0.4 

5-5 

1.26 

*)  W.A  samples  not  tree  ton  with  Asolectir. 


Delft,  June  8,  1966 
Dtr/K 


f( 


c 

Sr 

210 

-  300  pm 

vol .% 

hrs 

w. 

*) 

A  1 

*) 

A  ‘ 

*) 

M  ' 

10-1 

5.60 

5.60 

10° 

5.00 

5.00 

10 

101 

4.25 

4.25 

102 

3.50 

3.50 

10"1 

4.70 

4.70 

20 

10° 

1 

10 

10s 

4.25 

3.80 

3.3c 

4.25 

3.80 

3.30 

10-1 

4.30 

4.30 

30 

10° 

101 

3.80 

3.80 

3.30 

3.30 

10c 

2.75 

2.75 

10"1 

4.00 

4.00 

4.20 

4.10 

40 

10° 

101 

102 

3.45 

3.50 

3.60 

3.51 

2.90 

2.95 

3.00 

2.30 

2.95 

2.30 

10-1 

3.25 

3.35  ' 

3.50 

3.36 

50 

10° 

3.00 

2.80 

3.05 

2.95 

lo1 

2.60 

2.40 

2.50 

2.50 

} 

! 

i02 

1 

1.90 

1 .90 

APPENDIX  IV 


Table  IV. 1 


Ruptui 
and  of 


°br'  kfl 


90  -  109  pm 


33  -  40  p.m 


1 


W.  A 


W.  A 


x 

X 

X 

X 


7.85 

7.00 

7.10 

6.10 


7.35 


7.50 

6.50 
6.75 


6.75 

6.30 

5.80 

5.25 


6.75 

6.30 

3.80 

5.25 


8.00 

7-50 

6.90 


8.25 

7.70 

7.10 

6.50 


6.45 

5.65 

4.85 

4.10 


7.25 

6.50 

5.60 

4.75 


6.45 

6.07 

5.25 

4.42 


8.50 

7.50 
6.80 


8.00 


7.70 

6.90 


4.40 

4.10 

3-90 


5.30 

4.80 

4.25 

3.75 


5.30 

4.60 

4.18 

3-82 


7.00 

6.50 

6.10 

5.70 


7.20 

6.50 

5.75 

4.90 


5.60 

4.90 


90 

25 

60 


4.40 

4.00 

3.50 

3-00 


4.35 

4.00 

3.65 

3.30 


4.38 

4.00 

3-57 

3.15 


6.10 

5.55 

5.00 

4.45 


A:  sample  treated  with  Asoleetin 
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APPENDIX  IV  NUMERICAL  DATA  OF  RUPTURE  PROPERTIES 

. . . -  Table-TV.!  Rupture  stress  ofcr  at  various  values  of  content  and  size  of  the  filler, 

and  of  the  rupture  time  t,  . 

Dr 

0fer,  kg/cm  vs  content  of  filler,  tbr,  particle  size 
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